One of the defining properties of debris discs compared to protoplanetary discs used to be their lack of gas, yet small amounts of gas have been found around an increasing number of debris discs in recent years. These debris discs found to have gas tend to be both young and bright. In this paper we conduct a deep search for CO gas in the system HD 95086 -a 17 Myr old, known planet host that also has a debris disc with a high fractional luminosity of 1.5×10 −3 . Using the Atacama Large Millimeter/submillimeter Array (ALMA) we search for CO emission lines in bands 3, 6 and 7. By implementing a spectro-spatial filtering technique, we find tentative evidence for CO J=2-1 emission in the disc located at a velocity, 8.5±0.2 km s −1 , consistent with the radial velocity of the star. The tentative detection suggests that the gas on the East side of the disc is moving towards us. In the same region where continuum emission is detected, we find an integrated line flux of 9.5±3.6 mJy km s −1 , corresponding to a CO mass of (1.4-13)×10
INTRODUCTION
The presence of gas in a circumstellar disc was once used as a factor in distinguishing between protoplanetary and debris discs. As a system evolves, the primordial gas is depleted by photoevaporation and accretion onto the star and growing planets. The disappearance of the gas allows the remaining planetesimals to be dynamically stirred, increasing their relative velocities and enabling the onset of a collisional cas-E-mail: markbooth@cantab.net cade. Such collisions produce debris and hence the circumstellar disc becomes a debris disc (see e.g. Wyatt et al. 2015) .
Nonetheless, a number of systems that otherwise appear to be debris discs do show signs of the presence of atomic and molecular gas in both absorption and emission (see Hughes et al. 2018 , for a recent review). So far the only molecular gas that has been observed in emission is CO. In some cases the CO gas seems to be consistent with being a primordial remnant from the protoplanetary disc. HD 21997 is the best example of this with a CO mass comparable to its dust mass and with CO gas interior to the cold dust belt despite its ∼ 30 Myr age (Kóspál et al. 2013 ; Moór et al. 2013b ). On the other hand, there are three cases where the CO is clearly colocated with the cold dust belt and the CO density is so low that it must be optically thin. These are HD 181327 (Marino et al. 2016) , β Pic (Kral et al. 2016; Matrà et al. 2017a) and Fomalhaut (Matrà et al. 2017b) . When the gas is optically thin to UV light, it cannot shield itself from photodissociating radiation and so the CO molecules are broken down on short timescales (Visser et al. 2009 ). Since the gas must then be replenished on timescales much shorter than the age of the system, the gas observed in these cases cannot be of a primordial origin.
HD 95086 is located at a distance of 86.4±0.2 pc (Gaia Data Release 2; Gaia Collaboration et al. 2018) 1 and is part of the Scorpius-Centaurus Association (specifically part of the Lower Centaurus Crux; de Zeeuw et al. 1999) . It hosts a 4-5 MJ planet with a semi-major axis, a = 54
+13
−25 AU and eccentricity, e = 0.2 +0.3 −0.2 (Chauvin et al. 2018 ). The debris disc was first resolved by Herschel (Moór et al. 2013a; Su et al. 2015) . Analysis of recent images from ALMA shows the cold component of the disc to extend from around 100 to 320 AU (Su et al. 2017; Zapata et al. 2018) . In addition to the disc, two bright, compact sources are found on the West side of the disc and are thought to be background contamination.
Like most of the other systems where gas has been detected, HD 95086 is an A type star, with a luminosity of L = 6.63 ± 0.03 L (Gaia Collaboration et al. 2018) , and is young, with an estimated age of 17±4 Myr (Meshkat et al. 2013) , meaning that it could plausibly still retain its primordial gas disc as could potentially be the case for other stars in Sco-Cen (Lieman-Sifry et al. 2016; Moór et al. 2017) . However, the non-detection of gas presented by Zapata et al. (2018) shows that this is not the case. Nonetheless, with its high fractional luminosity of f = 1.5 × 10 −3 (Rhee et al. 2007) , the disc around HD 95086 also represents one of the best candidates for containing second generation gas (Kral et al. 2017) . The first attempt to find CO around HD 95086 was undertaken by Moór et al. (2013a) using APEX to search for the J=3-2 emission line. They did not detect any CO and placed an upper limit of 1.95 Jy km s −1 . With ALMA observations a sensitivity three orders of magnitude greater is achievable, as demonstrated by Zapata et al. (2018) who first published limits on the integrated CO J=3-2 and J=2-1 emission using the data that is also discussed in this paper. Here we use a spectro-spatial filtering technique (Matrà et al. , 2017b to further explore the data in an attempt to detect the very low mass of CO that may be present in this system and do find tentative evidence of its presence.
OBSERVATIONS
HD 95086 was first observed by two ALMA programmes in cycle 2: #2013.1.00773.S (PI: Su; hereafter referred to as data set A) and #2013.1.00612.S (PI: Booth; hereafter referred to as data set B). In both cases, the observations were taken in band 6 whilst the array was in a compact configuration. The total on-source observation time for the combined 1 Radial distances quoted from papers using the Hipparcos or Gaia Data Release 1 distances have been adjusted to the new distance throughout this paper. data sets is 9.1 hours. Further details of the observations along with analysis of the continuum data can be found in Su et al. (2017) . Both data sets cover the CO J=2-1 line (which has a rest frequency of 230.538 GHz) with one spectral window, which has 3840 channels of width 0.63 km s −1 or 0.49 MHz. We reduced both data sets using casa version 4.7.2 in pipeline mode. We subtracted the continuum from each data set using uvcontsub by fitting to the parts of the spectral window that do not include the line. We then inverted the visibilities using CLEAN to create the data cube using natural weighting to optimise the signal to noise ratio. The data cube for data set A has an RMS (root mean squared) per spectral channel of 0.50 mJy beam −1 , the data cube for data set B has an RMS per spectral channel of 0.61 mJy beam −1 and the data cube of the combined data has an RMS per spectral channel of 0.38 mJy beam −1 . The angular resolution is 1.5 × 1.3 for both data sets.
HD 95086 was also observed by ALMA in bands 3 and 7 under a directors discretionary time proposal: #2016.A.00021.T (PI: Ho). These data sets were also reduced using casa version 4.7.2 in pipeline mode. The band 3 data were for a total on-source observing time of 55 minutes. We present this here for the first time and show the continuum image in figure 1, created using CLEAN with natural weights. This observation also included a spectral window covering the CO J=1-0 line (which has a rest frequency of 115.271 GHz) with 3840 channels of width 0.63 km s −1 or 0.24 MHz. The band 7 data were for a total on-source observing time of 6 minutes and is discussed in detail in Zapata et al. (2018) . It included a spectral window covering the CO J=3-2 line (which has a rest frequency of 345.796 GHz) with 3840 channels of width 0.42 km s −1 or 0.49 MHz. As with the band 6 data, the continuum was subtracted from each of these and the visibilities were inverted creating a data cube with an RMS per spectral channel of 2.2 mJy beam −1 and angular resolution of 1.9 × 1.7 for the band 3 data and an RMS per spectral channel of 4.8 mJy beam −1 and angular resolution of 0.8 × 0.5 for the band 7 data.
CO EMISSION LINES

CO J=2-1 analysis
Although there is no obvious CO detection in the dirty data cube, it is possible that there may still be evidence for CO if we make use of spatial and spectral filters as Matrà et al. (2015 Matrà et al. ( , 2017b have done for Fomalhaut. We start by looking for evidence of CO J=2-1 emission in the band 6 combined data as this is the deepest dataset. The top plot of figure  2 shows the spectrum obtained by summing over all pixels with a signal-to-noise ratio of at least 10 in the continuum image (this covers radii of ∼0.5 to ∼5 from the star) 2 . The radial velocity given is the barycentric radial velocity set such that a CO line with velocity equal to the Solar System's barycentric velocity would appear at 0 km s −1 . If CO is present in the disc, it should have a velocity consistent with that of the star. In the case of HD 95086, there are two values in the literature for the radial velocity of the star. Moór et al. (2013a) used spectroscopy to determine a radial velocity of 17±2 km s −1 . Unfortunately, radial velocities are difficult to determine for early-type stars due to their high rotational velocities and because their optical spectra have few absorption features (Becker et al. 2015 ). An alternative is to consider the three dimensional space motions of stars. Madsen et al. (2002) used Hipparcos astrometry to determine a radial velocity of 10.1±1.2 km s −1 . Given the discrepant nature of these radial velocities, we assume that CO from the debris disc will have a velocity close to one of these velocities. These velocities are indicated in the plots by the vertical lines. There is a rise in the spectrum at both velocities -2.7±1.5 mJy at around 9 km s −1 and 3.1±1.5 mJy at around 17 km s −1 -but in both cases these peaks have a significance of < 3σ (where σ is the RMS of the spectrum) and so are indistinguishable from the noise. From this we can only conclude that the RMS on the integrated line flux spatially integrated across the disc is 2.4 mJy km s −1 (see Appendix A).
Due to the orbital motion of the gas and the non-zero inclination of the disc, the gas will likely have a slightly different radial velocity to that of the star, for instance an axisymmetric gas disc will produce a double-peaked spectrum if spectrally resolved. For a low signal-to-noise ratio (SNR) observation such as this, we can attempt to increase the SNR by taking into account the velocity and shifting the spectra in each pixel so that it should peak at the velocity of the star. Assuming the gas is moving at Keplerian velocity (as is shown to be the case for the β Pic disc, Dent et al. 2014) , the radial component of the velocity at a point in the disc (R, θ) is then given by:
where M is the mass of the star (∼1.6 M for HD 95086 assuming a M /M = 4 L /L mass-luminosity relation), R is the distance to the star, I is the inclination, θ is the angular displacement of the pixel measured anti-clockwise from North and Ω is the position angle of the disc's semi-major axis. We assume the gas disc has the same inclination and position angle as the dust disc, which are found to be around 31
• and 98
• respectively (Su et al. 2017) . Whether the velocity is positive or negative at any given disc location will depend on which direction the gas is orbiting. The plots on the right in figure 2 show the relative radial velocities across the disc assuming the gas is travelling at keplerian velocity for the given orbital distance of each pixel. The middle plot is for the case where the gas to the East is moving away from us and the bottom plot is for the case where the gas to the East is moving towards us. Shifting the spectra in each pixel by the negative of its assigned radial velocity relative to that of the star and then summing spatially across the region where the continuum is detected gives the spectral profiles shown in figure 2 middle and bottom for the East side moving away and towards us respectively.
We find that no signal is detected in the case where the East side is moving away from us. On the other hand, for the case where the East side is moving towards us, the previous tentative signal at ∼9 km s −1 has been boosted from 2.7±1.5 mJy to 4.3±1.4 mJy therefore implying that the gas is likely orbiting in this manner.
Given the low signal to noise ratio here, it is worth checking to make sure that this is not a spurious line that appears in only one observation. This line does, indeed, appear in both data sets. In fact it is seen at > 3σ significance when considering just data set A, where the peak is 6.2±1.8 mJy at 8.3 km s −1 . In data set B, it shows up with a lower peak of 3.6±2.2 mJy at 9.5 km s −1 . Whilst the value for the peak in data set B is somewhat lower than that for data set A, they are consistent and the lower significance of the peak in data set B is also due to the worse observing conditions at the time of those observations (see table 1 in Su et al. 2017) .
It is also worth considering the false positive potential of our result. Our peak in the spectro-spatial filtered spectrum is significant at the 3.05σ level. Given that we have 3791 channels (after removing flagged channels and those not covered by both data sets), we expect 3791 × 0.5 × erfc 3.05 √ 2 = 4.3 of them to have values > +3.05σ even when no signal is present (given that the noise is approximately normally distributed). We, in fact, find that there are 4 channels with values > +3.05σ, thus making it plausible that this peak is simply noise. Nonetheless, the coincidence with (one measure of) the stellar radial velocity can give us some reassurance that the emission detected may be real. To calculate the false positive probability here we should consider the probability of a channel that has a velocity consistent with the stellar radial velocity (given the inconsistency of the two measurements of the stellar radial velocity noted above, we conservatively define this as within 2σ of either of the measurements) and has a flux density > 3.05σ in either of the The plots on the left show the spectral profile maps spatially integrated over the disc. The velocity reference frame is the barycentric frame for the CO J=2-1 line and the horizontal line represents 3σ significance. The top plot on the left shows the profile without any spectral shifting and the top plot on the right shows the band 6 CLEAN continuum image with a dashed line indicating the region used for the spatial integration. The middle plot shows the case where we assume the gas to the East is moving away from us and the gas to the West is moving towards us and vice versa for the bottom plot (as shown by the radial velocity plots on the right hand side). The vertical shaded regions show the two measurements and 1σ uncertainties for the radial velocity of the star (10.1±1.2 km s −1 from Madsen et al. (2002) and 17±2 km s −1 from Moór et al. (2013a) ). The strength of the peak in the bottom plot is a good indication that this sense of rotation is the correct one. . SNR map of the CO J=2-1 line after spectral shifting and integrating over the channels that cover the CO J=2-1 line (the blue channels in figure 2 ). The crosses mark the locations of the two bright continuum sources, the upper of which is noticeably brighter than the rest of the disc in continuum emission (see section 5.3 and the top right plot of figure 2). The dashed line marks the region where the continuum emission has a signal-to-noise ratio of at least 10. The plus marks the location of the planet along with the direction of its orbit as observed by the Gemini Planet Imager on 2015 April 08 (i.e. where the planet was at roughly the time when the ALMA observations were taken; Rameau et al. 2016 ).
spectro-spatial filtered spectra. In other words, there are 80 channels in which the appearance of a line of this significance would be considered a detection. The probability of one of these containing noise of at least this level is roughly 8%, i.e. low enough that we consider this a tentative detection but further observations are clearly required to determine for sure whether any CO is present in this system. A Gaussian fit to the filtered spectrum with the East side moving towards us gives a peak in the emission of 4.6±1.1 mJy, at a velocity of 8.5±0.2 km s −1 and with a full width at half maximum (FWHM) of 1.9±0.5 km s −1 . The uncertainties on these values are calculated from the square root of the diagonal of the covariance matrix output by the curve fitting algorithm. Integrating over the line (which is found to cover 6 channels) gives an integrated line flux of 9.5±3.6 mJy km s −1 (where the uncertainty is calculated using equation A2 from the Appendix). Figure 3 shows the image obtained if we take this spectral shifted data cube and integrate over the six channels covered by the line. In figure 4 we show the radial and azimuthal distributions of the gas. In each case a running average is shown and the uncertainties shown are given by the standard error of the weighted mean 3 multiplied by the square root of the number of pixels per spatial beam to account for correlated noise. Although the noise is large, it is clear from these that the CO gas is concentrated on the 3 A weighted mean is used to account for the variation in sensitivity, which decreases away from the phase centre as a function of the primary beam level.
South side of the disc (i.e. between 90
• and 270 • ) and is largely between 100 and 220 AU.
Given these results, we can now repeat the spectrospatial filtering analysis but only including the South side of the disc. Fitting a Gaussian to this gives a peak in the emission of 3.3±0.7 mJy, centred at 8.4±0.2 km s −1 and with a FWHM of 2.2±0.5 km s −1 . The integrated line flux for this part of the disc is then 7.9±2.6 mJy km s −1 . This means that 83±42% of the gas emission is coming from the South side of the disc. If this concentration of gas is real, it may be due to the concentration of planetesimals in a resonance with the planet, which is currently to the South-East of the star.
CO J=3-2 analysis
For the band 7 data we carry out a similar analysis to that in section 3.1. Here we do not find any evidence of an emission line consistent with the velocity of that seen in the band 6 data even when the spectral filtering method is used. We find an integrated RMS of 34 mJy km s −1 for a spatially integrated unresolved line. Given the short duration of the band 7 observations, we are only able to place a 3σ upper limit of 190 mJy km s −1 at the stellar velocity when assuming the same line width as the CO J=2-1 tentative detection. This implies a line ratio 4 for the disk of FJ=3−2/FJ=2−1 ≤ 20, consistent with the expectations of models and measured excitation temperatures in other gas-bearing debris disks (e.g. Hughes et al. 2017; Matrà et al. 2017a) . We find that, as expected, this CO J=3-2 observation is not sensitive enough to achieve detection of the CO tentatively detected in the J=2-1 line. This lack of sensitivity to CO J=3-2 emission does not allow us to meaningfully constrain the excitation temperature or optical depth of the disc.
Intriguingly, when spatially integrating across the disc, we do find a significant line with a peak flux of 140±30 mJy, an integrated line flux of 200 ± 60 mJy km s −1 and a FWHM of 1.3±0.3 km s −1 at a velocity of 2.3 km s −1 , i.e., inconsistent with both of the reported values of the stellar radial velocity. Given that this is a 4.6σ detection, the chance of finding positive noise of such an amplitude in 3811 channels is just 0.7%. Significantly, though, we find that spectral filtering actually reduces the significance of the detection no matter which orbit direction for the gas is assumed. Since no line is seen at this velocity in band 6 (for which the 3σ upper limit on a line of the same width is 9.3 mJy km s −1 ), this means that the line ratio is FJ=3−2/FJ=2−1 ≥ 6.5, which is higher than the line ratio of ∼0.3 expected for the fiducial model parameters of Kral et al. (2017) . We also find that if we integrate over the channels covered by the candidate line and azimuthally average, the radial profile is consistent with there being no disc i.e. there is no rise and fall as seen for the radial profile of the CO J=2-1 line (figure 5). All this strongly suggests that this line is not associated with the disc and so is most likely just noise. 
CO J=1-0 analysis
The same analysis is also carried out on the band 3 data. In this case no significant lines show up in the spectrum when integrating over the disc, giving us an integrated RMS of 10 mJy km s −1 for an unresolved line. The 3σ upper limit of 46 mJy km s −1 at the stellar velocity (assuming the same line width as the CO J=2-1 tentative detection) implies a line ratio for the disk of FJ=2−1/FJ=1−0 ≥ 0.2, which, as with the J=3-2 analysis in the previous section, does not allow us to meaningfully constrain the excitation temperature or optical depth of the disc as the CO mass limit from this line ratio is always above the CO mass inferred from the CO J=2-1 analysis (see section 5.1).
When considering the bright continuum source, on the other hand, we do find a source at a frequency of 115.544±0.002 GHz that is both spatially and spectrally unresolved. It has a flux density of 12.2±2.2 mJy and, given the beam size, is consistent with the location of the bright continuum source as shown in figure 6. However, since this is unresolved spectrally, it cannot be coming from a background galaxy as galaxies have CO linewidths of >100 km s −1 . The frequency means it would have a radial velocity of −712 km s −1 if it is CO J=1-0, which is unusually high for a galactic background source. We therefore conclude that this is a spurious source of unknown origin unrelated to the continuum emission.
RESOLVED SPECTRAL INDEX MAP
In addition to probing multiple gas lines, observing the disc at multiple ALMA wavelengths allows us to determine the spectral index of the dust across the image. At submillimetre wavelengths (i.e. in the Rayleigh-Jeans limit), the flux density, Fν , is a power law function of the wavelength λ in the form Fν ∝ λ −α , where α is the spectral index. If the grains emit as pure blackbodies, they would have a spectral index of 2. In reality, dust grains are inefficient emitters at wavelengths much greater than their size and so we expect deviations from this at sub-millimetre wavelengths. To determine the spectral index we create CLEAN, naturally weighted images of the continuum emission for each pair of spectral windows. This gives us seven images (two in band 3, three in band 6 due to the overlap between datasets A and B and two in band 7) at frequencies of 102, 114, 216, 231, 246, 333 and 345 GHz. We smooth them all to a consistent 2.5 resolution (chosen to be slightly larger than the beam size of the band 3 image). Then for each pixel we fit a power law to get the spectral index and its uncertainty (which is calculated from the square root of the diagonal of the covariance matrix output by the curve fitting algorithm). The resultant spectral indices for the continuum emission are shown (only spectral indices with an SNR>2 in order to only show spectral indices for the real emission) in figure 7 (left). We find that the bright source clearly has a much steeper spectral index than the disc, with a peak at 3.6±0.3 (which will be discussed further in section 5.3). Some variation in the spectral index is seen across the disc but this is not found to be significant (see figure 7 right). A weighted average across the disc (defined here to be pixels with a spectral index that has an SNR>2 and flux density in the smoothed band 7 image of less than 60 µJy beam −1 to avoid the bright source) results in a spectral index of 2.41±0.12 (which will be discussed further in section 5.4).
DISCUSSION
Gas production within the disc
In the previous cases where gas has been detected in debris discs, there are some discs where the gas is expected to be primordial gas and others where the gas must be second generation. As noted by Zapata et al. (2018) , the low gas mass in this system clearly rules out the presence of primordial gas. In this section we check whether it is consistent with current models for second generation production through collisional cascades of icy planetesimals and make predictions for the possibility of confirming the presence of CO by searching for other emission lines.
In section 3.1, we found an integrated CO J=2-1 line flux of 9.5±3.6 mJy km s −1 . Using the molecular extinction code of Matrà et al. (2015) (enhanced to include UV fluorescence as discussed in Matrà et al. 2018) we can convert this flux to a CO mass. Due to its steep increase as a function of UV wavelength, the stellar UV dominates over the interstellar UV at the wavelengths relevant for CO fluorescence. The UV field was, therefore, modelled using a PHOENIX stellar atmosphere model (Arkenberg et al. in prep.) 5 with the known stellar parameters of HD95086, and scaled to match the star's flux as seen from Earth. The conversion also depends on the density of collisional partners (assumed to be electrons for a second generation gas production scenario) and the kinetic temperature of the gas. These quantities are unknown, but a range of values can be used that is sufficiently wide to cover the transition between the two limiting regimes of radiation-dominated at low electron density and collision-dominated at high electron density (specifically, we use electron densities between 10 −4 and 10 10 cm −3 and kinetic temperatures between 10 and 250 K). We, therefore, find that our integrated line flux translates to a CO mass of (1.4-13)×10 −6 M⊕. Undertaking the same analysis using the CO J=3-2 and J=1-0 flux limits results in limits on the CO mass that are always above the mass found from the J=2-1 emission line and so these non-detections do not help constrain the excitation temperature or electron density. Conversely, we can use the CO mass calculated from the CO J=2-1 observations to make predictions for the sensitivity needed to detect these other emission lines. These predictions are dependent on the line ratio, which is dependent on the assumed electron density and kinetic temperature. Using the same ranges as before, we predict integrated line fluxes for CO J=3-2 between 2 and 40mJy km s −1 and CO J=1-0 between 0.6 and 10mJy km s −1 , where low electron densities in the radiationdominated regime result in the highest CO J=1-0 line flux and lowest CO J=3-2 line flux whereas high electron densities in the collision-dominated regime produce the opposite. Assuming the same set-up as used for the band 7 and band 3 observations presented here (i.e. multiplying the observation time of the observations presented here by the square of the required increase in sensitivity), a 3σ detection of the CO J=3-2 line would take between 40 minutes and 10 days, whilst a 3σ detection of the CO J=1-0 line would take between 8 hours and 2 years of observation time (not including calibration time). In other words, it may be possible to detect one of the other CO emission lines within a few hours, although the optimum choice depends on the unknown line ratio and completely rejecting the presence of CO at a level consistent with our tentative detection would require unfeasibly long observations with ALMA. Kral et al. (2017) predicted line flux densities for a large sample of systems based on a model of CO gas produced in a steady state collisional cascade. For previous gas detections and non-detections they found their model fitted the observations to within an order of magnitude except in a couple Spectral index Figure 7 . Left: Spectral index map created by fitting power laws to the band 3, 6 and 7 images (for details see section 4). The bright source clearly has a much steeper spectral index than the disc. Right: Line-cut from South to North along the centre of the disc with 1σ error bars calculated from the power law fit.
of systems where the gas appears to be produced in a different manner. HD 95086 is part of their sample, although for improved accuracy we re-do their calculations using new data from Gaia for the distance and luminosity, and using the fit to the ALMA continuum data (R0 = 200 AU, dr/r = 1; Su et al. 2017) . This results in a predicted CO mass of ∼ 6 × 10 −6 M⊕. Given that this lies within the range found by our observations, we conclude that our observations are consistent with this model of gas produced through the collisional cascade. Using our CO mass estimate and our expectation that the CO is produced from a collisional cascade, we can then determine the CO+CO2 ice mass fraction. This is calculated using equation 2 from Matrà et al. (2017b) :
where R and ∆R are in AU and are the radius and width of the belt respectively, f is the fractional luminosity, L is the luminosity of the star and t phd is the timescale for photodissociation (which is ∼120 years if we take the interstellar radiation field as the dominant source of photodissociating radiation, as is the case for Fomalhaut; Matrà et al. 2015) . This results in a CO+CO2 mass fraction in the exocomets of 5.7-35.7%, which is consistent with the few other belts where this has so far been measured and with direct inheritance of ISM compositions (Matrà et al. 2017b ). We also note that as CO is photodissociated into carbon and oxygen, ionised carbon and oxygen will build up in the system, spreading inwards towards the star. With ALMA it is possible to observe C i emission in band 8 or 10 and we expect this to have a higher line flux than the CO emission since C i is not so quickly removed from the system and so the mass is much higher (Kral et al. 2017) . With the right combination of sensitivity and resolution, it could even be possible to detect a gap in C i caused by the planet at ∼54 AU. Alternatively, if the CO is produced from a recent collision or collisions, then the C i could also be concentrated, as is seen in the case of β Pic (Cataldi et al. 2018 ).
Geometry of the disc
In section 3.1 we found that the J=2-1 signal was increased through spectro-spatial filtering when we assumed that the gas is moving towards us from the East ansa and away at the West ansa. As Matrà et al. (2017b) note, this information alone cannot tell us which side of the disc is inclined towards us and which is inclined away from us as the CO cannot tell us whether the disc is rotating clockwise or anti-clockwise. However, there have been enough observations of the planet in the system to show that it is orbiting in a clockwise manner (Rameau et al. 2016) . Since the planet and the debris disc will have formed out of the same protoplanetary disc, we can assume that the particles in the disc are also orbiting in a clockwise direction. By combining this on sky rotation with the radial information from the CO, we find that the northern side of the disc is the near side.
An alternative way to determine the near side of a debris disc is by looking at asymmetries in the scattered light. For instance, HR 4796 shows a strong asymmetry with the western side of the disc being much brighter than the eastern side in polarised scattered light, which is interpreted as meaning the western side is nearer (Milli et al. 2015; Perrin et al. 2015) . The debris disc around HD 95086 has also recently been detected in polarised scattered light (Chauvin et al. 2018) . Unfortunately, as the disc is wide and close to face-on, the surface brightness is low and so the detection can only be made by azimuthally averaging. Therefore, higher sensitivity scattered light observations are necessary to determine if there is any brightness asymmetry between the two sides of the disc. Even then, it is not always clear from scattered light observations which side is nearer as it is dependent on whether the dust is forward-scattering or back-scattering. Most of the few cases where observations of the scattering phase function in debris discs and cometary dust in the Solar System show the dust to be forward-scattering (see Hughes et al. 2018 , and references therein). However, there may be at least one exception to this rule: Fomalhaut. In this case, both the rotation of the star (Le Bouquin et al. 2009 ) and the orbital motion of the gas (Matrà et al. 2017b ) point towards the brighter side being further away from us assuming Fomalhaut b is on a prograde orbit. This implies that the grains would be back-scattering (Min et al. 2010) in the Fomalhaut disc. This demonstrates the benefit of combining gas, scattered light and planet observations to determine the correct geometry and orbital direction of a planetary system.
Nature of the compact continuum sources
In addition to the disc, the ALMA continuum image shows two compact sources coincident with the West side of the disc; one bright, marginally resolved source and one faint, unresolved source (Su et al. 2017) . In this section we discuss the possible nature of these sources. Zapata et al. (2018) used the proper motion of the star to provide further evidence that the bright source must be a background source. The lack of detection of the star meant that they had to infer the position by modelling the disc (for which they used a trial and error method) and assuming the star is at the centre. They find that the centre of the ring is moving with a proper motion (in right ascension and declination) of µα = −90 ± 25 mas yr −1 and µ δ = −31±27 mas yr −1 compared to the Gaia DR2 values of µα = −41.14±0.05 mas yr −1 and µ δ = 12.70±0.05 mas yr Gaia Collaboration et al. 2018) , whereas the bright source remains in roughly the same location. Given the large uncertainties and the assumptions in the method to calculate them, we consider this evidence inconclusive. The low proper motion of this source means that it will likely be necessary to wait many more years before a proper motion difference can conclusively be determined and, unfortunately, if the bright source is a background object, it will still contaminate the observations for the next ∼200 years as the star is moving towards the current location of the bright source. Su et al. (2017) considered a number of possibilities for what the bright source could be if it was part of the disc. In all cases, CO gas is expected to be concentrated at the same location as the enhanced dust emission, as is seen in β Pic (Dent et al. 2014) . We confirm here that there is no significant concentration of CO gas present at the locations of these sources, even when taking into account the Keplerian velocities (figure 3). Specifically for the band 6 observations (the deepest and most constraining observations discussed in this paper), the RMS in a single channel is 0.24 mJy km s −1 beam −1 and the area of the bright source is roughly 1.4 beams so that the 3σ upper limit of the line flux is ∼1 mJy km s −1 . This is < 11% of the total line flux density i.e. the fraction of CO gas in this region compared to the whole disc is much less than the fraction of continuum emission in this region compared to the whole disc (∼ 25%). Here we have assumed that the range of velocities in the clump is low such that the line is unresolved, although we note that it is possible that the range of velocities is high enough that the line becomes resolved, thereby marginally increasing the upper limit. Nonetheless, it seems unlikely that the bright continuum source is contributing any CO around the stellar velocity. Su et al. (2017) also noted the steeper spectral index of the bright source compared to the disc using just the band 6 data. In section 4 we make use of the new band 3 and 7 data to give us a much more accurate measure of the spectral index and confirm that the spectral index of the bright source is indeed steep with a value at the peak of 3.6±0.3 compared to 2.41±0.12 for the rest of the disc (as discussed in section 5.4). As discussed in Su et al. (2017) , this steep spectral index is consistent with this source being a background galaxy. For instance, Casey (2012) found from a sample of luminous and ultraluminous infrared galaxies, that the spectral slope in the Rayleigh-Jeans regime is 3.60±0.38.
In conclusion, the lack of a concentration of CO at the location of the bright source and the clear difference in the spectral index between the source and the disc shown here does back-up the earlier claims of this source being an unrelated background source.
For the faint, unresolved source (indicated by the lower cross in figure 3) , the large uncertainties here mean that we cannot draw any conclusions as to whether that point contributes strongly to the CO emission or not and so the possibility remains open that this is a clump at the outer edge of the disc.
Size distribution
The spectral energy distributions of debris discs are close to blackbodies but deviate from the Rayleigh-Jeans slope at long wavelengths since dust grains are inefficient emitters at wavelengths much greater than their size. Measuring the spectral slope at submillimetre wavelengths can, therefore, allow us to determine the size distribution of grains in the disc. By using resolved images we can look for variations in the spectral index across the disc and avoid contamination from the background source (see section 4). By doing this we find that there are no significant variations in spectral slope across the disc and find an average of 2.41±0.12. This is consistent with the value of 2.37±0.15 found by MacGregor et al. (2016) using the ALMA 1.3 mm photometry (Su et al. 2017 ) and the ATCA 7 mm photometry (Ricci et al. 2015) . By using the analytic approximations of Draine (2006) , which assume an astrosilicate composition, we can interpret our measure of the spectral index as a size distribution slope of 3.27±0.07. This is quite shallow compared to spectral indices of other debris discs, but not without precedent (MacGregor et al. 2016; Holland et al. 2017) .
Whilst the variations in spectral index across the disc seen in figure 7 are not found to be significant due to the low sensitivity of the band 3 and 7 data and the low resolution of the band 3 data, with deep resolved maps at multiple ALMA wavelengths, such methods could be used to determine such variations. Variations are expected, for instance, in the case of an eccentric disc, where a difference in size distribution is expected between the pericentre and apocentre due to it being easier to remove small grains by radiation pressure at the pericentre than at the apocentre (Löhne et al. 2017; Kim et al. 2018 ).
CONCLUSIONS
In this paper we search for CO gas in the debris disc around the star HD 95086 using ALMA. We find a tentative signal for the J=2-1 line. This candidate line has a peak of 4.3±1.4 mJy at a velocity of 8.5±0.2 km s −1 . This velocity is consistent with the stellar radial velocity found by Madsen et al. (2002) , the significance of the line is higher when spectro-spatially filtering compared to just spatially filtering and there is a clear rise in the radial profile consistent with the location of the belt as seen in continuum emission. We therefore consider this to be a tentative detection of CO gas in the HD 95086 system, although it is clear that more observations are needed to confirm this. We find that the data are best matched by gas moving towards us from the East ansa and away at the West ansa. Assuming the gas is orbiting in the same direction as the known planet (clockwise), then we can say that the South side of the disc and the planet are inclined away from us and the North side is the near side. The integrated line flux found is 9.5±3.6 mJy km s −1 , corresponding to a CO mass of (1.4-13)×10
−6 M⊕, which would imply a cometary mass fraction of 5.7-35.7%. This is consistent with second generation production through the collisional cascade as derived by Kral et al. (2017) .
We did not find any evidence for CO J=3-2 or J=1-0 emission. This is unsurprising given the much lower sensitivity of the band 3 and band 7 datasets and so does not give us any strong constraints on the CO line ratios. Whilst it is hard to make predictions for how deep we would need to go to detect the CO emission at these bands as we do not know for sure what the line ratio is, we predict that CO could be detected in either band 7 or band 3 observations within a few hours depending on the excitation regime. As noted by Kral et al. (2017) , looking for C i in band 8 would also be a viable and, perhaps, more promising strategy to follow-up this tentative detection.
Contrary to the continuum observations, we find no bright point-like CO source consistent with the radial velocity of the system. We make use of the continuum images in all three bands to precisely determine the spectral index across the image and find a clear difference between the bright source and the disc. Both of these factors add weight to the hypothesis that the continuum source is an unrelated background object.
